describing how AHSP protects against cytotoxicity ␣Hb, in agreement with previous studies (Santiveri et al., 2004) . caused by ␣Hb.
To corroborate the NMR titration data, we prepared 20 mutants of AHSP, including single, double, and quaResults and Discussion druple amino acid substitutions, and examined their binding to ␣Hb by gel filtration and GST pulldown assays Biochemical Analysis of the ␣Hb-AHSP Interaction We independently determined the solution structure of (Supplemental Table S1 at http://www.cell.com/cgi/ content/full/119/5/629/DC1/). These mutants, collec-AHSP alone using NMR methods ( Figures 1A and 1B) . As recently reported (Santiveri et al., 2004) , the structure tively covering the entire AHSP sequence, were folded similarly to wild-type AHSP as determined by CD/NMR, is comprised of three extended ␣ helices and exists in two forms that are distinguished by the configuration of gel filtration, and multiangle laser light scattering analyses (data not shown). A single point mutation D43R, the peptide bond prior to Pro30. These two conformers differ largely in the arrangement of the loop region bewhich localizes to the N-terminal half of helix ␣2, led to complete loss of interaction with ␣Hb (Supplemental tween helices 1 and 2.
To identify structural elements important for binding Table S1 on the Cell website and Figure 1C ). Two quadruple mutants, both affecting residues close to Asp43, to ␣Hb, we titrated ␣Hb into 15 N-labeled AHSP and recorded NMR spectra during the process (data not also failed to interact with ␣Hb. Taken together with the NMR titration data, these results pinpoint the ␣1-loopshown). This titration indicates that only one of the two AHSP conformers binds to ␣Hb. This experiment also ␣2 region as an important element of AHSP essential for ␣Hb binding ( Figure 1D ). led to the identification of residues whose environment was most altered during complex formation. These reNext, we created 30 point mutants of ␣Hb in which surface residues were altered and used these to localize sults suggest that the C-terminal end of helix ␣1, the N-terminal end of helix ␣2, and the intervening loop the AHSP binding surface using a yeast two-hybrid assay. As anticipated, most mutations had little or no between ␣1 and ␣2 are the primary contact points for (E) Structural superposition of AHSP bound ␣Hb (blue) and ␣Hb from HbA (magenta), with their heme groups shown in yellow and red, respectively. Secondary structural elements are labeled. (F) AHSP binds to the same surface area of ␣Hb that is required for binding to ␤Hb. ␣Hb and AHSP are colored blue and green, respectively. The ␣1 and ␤1 hemoglobin in HbA are colored pink and gray, respectively. The heme groups in ␣Hb-AHSP and the ␣1-␤1 complex are highlighted in yellow and red, respectively. The right panel of (B) was prepared using GRASP (Nicholls et al., 1991). All other structural figures were made using MOLSCRIPT (Kraulis, 1991). effect. In contrast, three amino acids in ␣Hb, Lys99, Crystallization of an ␣Hb-AHSP Complex We previously determined that AHSP and ␣Hb form a 1:1 His103, and Tyr117, when mutated to alanine, abrogated the interaction with AHSP (Supplemental Table S1 on binary complex (Gell et al., 2002) . To reveal the structural basis of this interaction, we coexpressed the two wildthe Cell website). These residues, located on or near the G helix, lie on the ␣1-␤1 interface of HbA.
type (wt) proteins in E. coli, purified the complex to homogeneity, and crystallized it in two different space using anomalous signals from the ferrous atom and regroups. However, these crystals were too small to allow fined to 2.8 Å resolution (Table 1 and Figure 2C ). structure determination at an atomic resolution. BeThe ferrous oxy-␣Hb-AHSP complex is exclusively in cause our NMR data, together with a previous report a ␣-helical conformation ( Figure 2C ). In the crystals, (Santiveri et al., 2004) , indicated that the cis and trans AHSP adopts an elongated three-helix bundle, while forms of Pro30 in AHSP are in equilibrium but that only ␣Hb comprises six ␣ helices. AHSP binds ␣Hb on the a single form binds to ␣Hb, we introduced a single point opposite site of the molecule to the heme pocket (Figure mutation (P30A) into AHSP, therefore presumably elimi-2C). AHSP binding appears to trigger a dramatic confornating the cis conformation. This protein modification mational change in ␣Hb, with the entire F helix becoming slightly improved the size of these crystals. Next, we disordered ( Figure 2D ). Consequently, ␣Hb in the ␣Hb-removed the C-terminal 11 residues of AHSP, which are AHSP complex is different from that in HbA with a rootknown to exist in a disordered conformation and are mean-square deviation (rmsd) of 1.3 Å for 126 aligned dispensable for ␣Hb binding and stabilization (Gell et C␣ atoms. This is in contrast to all previously reported al. heme group is invariably bound by the proximal histidine Before we proceeded to structure determination, we (His87, or F8 histidine) in previously reported structures further characterized the ␣Hb-AHSP complex. Incubaof HbA (www.rcsb.org/), it is coordinated by the distal tion of this ␣Hb-AHSP complex with ␤Hb resulted in the histidine (His58, or E7 histidine) in the oxy-␣Hb-AHSP dissociation of AHSP and subsequent formation of the complex ( Figure 2E ). The Fe(II)-heme group is planar, ␣ 2 ␤ 2 complex (HbA) (Figure 2A Table S1 spectrum is essentially identical to that of the free on the Cell website), the C-terminal half of helix ␣1, the oxy-␣Hb.
N-terminal half of helix ␣2, and the intervening linker sequences of AHSP closely stack against the G and H helices of ␣Hb. These interactions result in the burial of Overall Structure of the ␣Hb-AHSP Complex 1780 Å 2 surface area from the two proteins. Remarkably, The structure of the oxy-␣Hb-AHSP complex was determined by multiwavelength anomalous dispersion (MAD) the G and H helices of ␣Hb are also the primary structural The structural observations are in excellent agreehelices in ␤Hb, with similar interactions. This partially ment with our mutational analysis. All three residues explains why binding of ␣Hb by ␤Hb dissociates AHSP in ␣Hb (Lys99, His103, and Phe117), whose mutation from the ␣Hb-AHSP complex. abrogated binding to AHSP (Supplemental Table S1 Table S1 ). appear to provide the specificity for this recognition.
Judged by the area of buried surface upon complex At one end of the interface, Pro119 of ␣Hb is nestled in formation, the ␣Hb-AHSP interface is quite comparable a hydrophobic pocket formed by four aromatic residues, to that of the ␣1-␤1 complex in HbA. In this case, how Phe47, Tyr48, Tyr51, and Tyr52, and the aliphatic side does ␤Hb gain an edge in its interaction with the ␣ chain of Glu17 in AHSP ( Figure 4B ). In the center of the subunit? Compared to the ␣1-␤1 complex, a large numinterface, Leu21 and Trp44 of AHSP pack against each ber of polar and charged amino acids are buried at the other and interact with a relatively flat surface of ␣Hb, ␣Hb-AHSP interface, yet the majority of these residues within van der Waals contact distance of six amino acids are not making specific contacts via their polar side in ␣Hb. Surrounding residues Leu21 and Trp44 of AHSP chains. For example, Lys99 and His122 of ␣Hb and Tyr48 are three intermolecular hydrogen bonds. The carboxylof AHSP, all located at the center of the interface, do ate side chain of Asp43 in AHSP accepts a hydrogen not specifically bridge a hydrogen bond ( Figure 4B ). bond from His103 of ␣Hb, whereas Gln24 and Gln25 of AHSP donate two hydrogen bonds to the backbone Perhaps more importantly, the intermolecular van der Waals distances in the ␣Hb-AHSP complex tend to be element. This arrangement, in conjunction with the large interaction interface, may also provide flexibility to aclonger than those at the ␣1-␤1 interface, resulting in loose packing and poor shape complementarity (Figure commodate suboptimal, but sufficiently strong, interactions with the distinct conformations of reduced, oxi-4C). Hence, the overall interactions between ␣Hb and AHSP are suboptimal compared to those of the ␣1-␤1 dized ␣Hb and even apo-␣-globin, which lacks heme (Gell et al., 2002) . Finally, despite 46% sequence identity complex.
These unique structural features serve well the funcbetween the two globin chains, a number of the important interface residues in ␣Hb, such as His103, His 122, tion of AHSP as a specific chaperone for ␣Hb. On one hand, the large interface and the three intermolecular and Asp126, are not conserved in ␤Hb, explaining why AHSP does not bind to ␤Hb. hydrogen bonds ensure that AHSP can efficiently and specifically capture free ␣Hb. On the other hand, these nonoptimal ␣Hb-AHSP interactions can be disrupted by
Conservation of Interactions
Amino acid residues that participate in the ␣Hb-AHSP incoming ␤Hb for the formation of functional HbA. In addition, the AHSP binding element of ␣Hb is located interactions are highly conserved in both proteins. In AHSP, 12 out of 19 interface residues, including all three in an area that is opposite to that of the heme binding that participate in intermolecular hydrogen bonds, are and Leu91 make several van der Waals contacts to stabilize the heme group in HbA ( Figure 5C ), yet they do invariant among the corresponding orthologs from human, cow, pig, rat, and mouse ( Figure 3 and Figure 4) . not directly interact with the heme group in the ␣Hb-AHSP complex ( Figure 5A ). In contrast, Phe46, which This is in contrast to the invariant 47 residues out of a total of 102 amino acids in these AHSP proteins. Simidoes not directly coordinate the heme group in HbA, is within van der Waals contact distance of the porphyrin larly, 20 out of 25 interface residues of ␣Hb, including all three that hydrogen bond to AHSP, are invariant ring of the heme group in the ␣Hb-AHSP complex ( Figure  5A ). Nonetheless, the majority of the heme-stabilizing among the ␣Hb orthologs (Figure 3 ), compared to 96 out of 141 total amino acids (Figure 3 and Figure 4) . In interactions are preserved between these two complexes. Most importantly, Phe43 and Phe98, which in addition, the variant residues at the ␣Hb-AHSP interface tend to be highly conserved (Figure 3 and Figure 4) HbA anchor the heme group from below and above the heme plane, respectively, adapt to the changes and and have no apparent predicted negative impact on the interactions. This analysis indicates that the amino acid largely maintain these interactions ( Figure 5A ). As a consequence of the conformational shift, the residues that participate in the ␣Hb-AHSP interactions are selectively preserved during evolution, further indisixth chelating position for the heme ferrous atom is now positioned facing the F helix region of ␣Hb. As this cating their functional significance.
helix is disordered in the ␣Hb-AHSP complex, any ligand is now completely solvent exposed ( Figure 5A ). In conConformational Shift at the Heme Binding Site Upon binding to AHSP, ␣Hb undergoes dramatic confortrast, oxygen binds to the heme ferrous atom in a hydrophobic pocket of HbA, is coordinated by the proximal mational changes, with the entire F helix becoming flexible and disordered in the crystals ( Figure 2D ). Remarkhistidine, and is well protected from solvent (Fermi and Perutz, 1981). The increased solvent exposure of the ably, the distal His58, rather than the proximal His87, coordinates the heme group, with a distance of 2.13 Å heme in the ␣Hb-AHSP complex is predicted to result in a faster rate of oxidation. Indeed, compared to the between the N⑀ atom of the imidazole ring of His58 and the ferrous atom of the bound heme ( Figure 5A) . isolated ␣Hb and HbA, we observed rapid changes in the absorption spectrum of the oxy-␣Hb-AHSP complex, Compared to that in HbA, the iron atom and the heme group shift over a distance of approximately 3.1 Å (Figconsistent with an increased rate of oxidation ( Figure  5D ). Furthermore, although the structure of free ␣Hb has ure 5B). Accordingly, compared to that in HbA, the amino acid residues that coordinate the heme group in the not been determined, this result suggests that the heme environment of the free ␣Hb resembles the native hy␣Hb-AHSP complex undergo significant rearrangements, which result in the loss as well as creation of a drophobic pocket seen in HbA, supporting the view that rearrangements of the heme pocket observed in the number of interactions (Figure 3) . For example, Leu83 crystal structure are brought about directly through ferric state of iron ( Figure 6C) . However, the kinetics of binding to the complex was much slower than binding AHSP binding.
to the oxidized ␣Hb alone. These results are consistent with a strong ligand in the sixth coordination site of the Biophysical Characterization heme group of the oxidized complex, which competes of Heme Coordination with CN Ϫ for binding. The possibility that the sixth ligand The oxidized, isolated ␣Hb is known to be toxic to the is a hydroxide anion was ruled out by pH titration studcells, due in part to its ability to catalyze redox reactions ies, which showed that the oxidized ␣Hb-AHSP complex and thus facilitate the generation of ROS (Scott et al., is insensitive to pH changes with respect to its absorp-1993). We have recently shown that ROS levels are eletion spectrum ( Figure 6D ). vated in AHSP knockout mice, suggesting that one funcFinally, we recorded Raman spectroscopy of the oxition of AHSP may be to inhibit reactions at the heme dized ␣Hb in the absence and presence of AHSP ( Table S1 on the Cell website), as dized ␣Hb and examined its UV-visible spectrum in the AHSP binds to the opposite side of ␣Hb as compared absence and presence of AHSP ( Figure 6A) . Notably, to heme. The most likely remaining possibility is that the spectrum of this oxidized ␣Hb-AHSP complex is the proximal histidine, His87, of ␣Hb serves as the ligand identical to that of the oxy-␣Hb-AHSP complex after it for the sixth coordinate position. In this case, the heme is oxidized (Figure 5D ). Within the spectrum of the highferric atom of the oxidized ␣Hb-AHSP complex may be spin heme ferric, there is a characteristic absorption coordinated by both the distal and the proximal hispeak at 630 nm. This peak is present in the spectrum tidine. of oxidized ␣Hb alone but absent in that of the oxidized In fact, bis-histidine coordination of ferric heme pro␣Hb-AHSP complex or in either form of oxidized ␣Hb teins has been observed in plant globins (Arredondowhen cyanide is bound ( Figure 6A Antarctic fish Hb have both been characterized as lowferric atom is coordinated by six strong ligands and spin complexes and give rise to a visible absorption exists in a low-spin state. It is through this mechanism spectrum that is very similar to the spectrum of the that AHSP protects cells from oxidative damage. Our ferric ␣Hb-AHSP complex. Hence, it is likely that AHSP data suggest that, in the oxidized complex, both distal facilitates the formation of a naturally occurring globin and proximal histidines are likely bound to the ferric conformation as a mechanism to stabilize ␣Hb.
heme group, although a definite proof is lacking. In mediating its chaperone function, AHSP appears to have two primary and related functions. First, through Pathway of ␣Hb Precipitation specific binding in a fashion that partially recapitulates A mechanistic picture emerges from our studies (Figure the ␣ 1 -␤ 1 interface, AHSP stabilizes ␣Hb and minimizes 7). As a chaperone, AHSP can bind to both reduced the chances for ␣Hb to form cytotoxic precipitates in (ferrous) and oxidized (ferric) ␣Hb. In the reduced comcells (Figure 7 ). This binding also gives more time for plex, the heme group is coordinated by the distal His58, the reduced ␣Hb to be complexed by the next available with the bound oxygen exposed to solvent. Hence, ␤ subunit, or for the oxidized ␣Hb to be reduced. In AHSP bound oxy-␣Hb is rapidly oxidized. The oxidation this regard, AHSP is shifting the equilibrium away from of ␣Hb by itself may not be harmful to the red blood precipitation and cytotoxicity (Figure 7) . Second, by facells, which contain extremely high levels of superoxide cilitating the oxidation of the heme group and by sequesdismutase and catalase to convert superoxide radicals tering the oxidized heme in a biochemically inert state, generated by oxidation to H 2 O and O 2 . Importantly, the oxidized, Fe(III)-␣Hb is catalytically inert, as the heme AHSP ensures that ␣Hb does not cause oxidative dam- 
